Ti 45 Zr 5 Cu 45 Ni 5 metallic glasses in which Ta and Al were substituted for Cu were evaluated in terms of mechanical properties, thermal properties and microstructures in order to determine the factors contributing to an improvement in plasticity. Samples are examined by compression testing, differential scanning calorimetry, X-ray diffractometry and electron microscopy. Mold-cast Ti 45 Zr 5 Cu 44 Ni 5 Ta 1 bulk specimens were confirmed to consist of a metallic glass matrix and nanocrystals homogeneously dispersed at high density within the matrix. 
Introduction
Various kinds of Ti-based amorphous aloys and metallic glasses have been developed, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] due mainly to the light weight and high corrosion resistance properties of Ti. Tibased metallic glasses are therefore attractive candidates for light-weight, high-strength and biocompatible structural materials. However, fully metallic glasses exhibit only elastic deformation, and activation of many shear bands in metallic glasses is necessary for plastic deformation. The homogeneous dispersion of nanocrystals in metallic glasses is one method for preparing metallic glasses that undergo plastic deformation by the activation of shear bands. Recently, Ti-based bulk metallic glasses exhibiting plastic deformation have been reported, 6, 11) although the microstructures of the materials have yet to be clarified. If the plastic deformation in Ti-based bulk metallic glasses is caused by the dispersion of nanocrystals, it may be possible to increase the plastic strain by optimizing the density, distribution, and morphology of the nanocrystals.
Many Ti alloys exhibit solid-state phase transformation from austenite -Ti to martensite 00 -Ti. When stabilizers are added to the Ti alloys, the martensite transformation temperature ( transus) decreases with increasing stabilizer content due to stabilization of the -Ti phase. When such alloys are quenched, it is expected that -Ti nanocrystals will precipitate. In the present study, Ta and Al as and stabilizers were substituted for Cu in Ti 45 Zr 5 Cu 45 Ni 5 and the resultant alloys were rapidly quenched to form bulk metallic glasses. The mechanical and thermal properties and microstructures of the glasses were investigated with respect to the dispersion of nanocrystals. were prepared by Ar-arc melting, and cylindrical bulk specimens of 1 mm in diameter and 30 mm in length were prepared by Cu mold casting of the ingots. Differential scanning calorimetry (DSC) measurements were performed to determine the glass transition temperature (T g ), crystallization temperature (T x ), and supercooled liquid region (ÁT x ¼ T x À T g ) at a heating rate of 0.67 K/s. The microstructures of the specimens were characterized by X-ray diffractometry (XRD) using a rotating Cu anode, scanning electron microscopy (SEM), and transmission electron microscopy (TEM). The mechanical properties of the specimens were examined at room temperature through compression tests at a strain rate of 1 Â 10 À4 /s using an Instron-type machine. Figure 1 shows the XRD patterns and DSC traces of Ti 45 Zr 5 Cu 45Àx Ni 5 Ta x bulk specimens. When more than 3 at%Ta was substituted for Cu, diffraction peaks due toTi and other unknown phases could be clearly observed in the XRD pattern. According to the presence of these diffraction peaks, the total exothermic heat observed in the DSC measurements was smaller for specimens containing more than 3 at%Ta. The glass transition was observed for specimens with less than 3 at%Ta. Even though no diffraction peaks due to crystalline phases were observed in the XRD patterns for Ti 45 Zr 5 Cu 44 Ni 5 Ta 1 and Ti 45 Zr 5 Cu 43 Ni 5 Ta 2 , it is expected from the weakening of the glass transition with increasing Ta content that the specimens contained nanocrystals. Figure 2 shows the XRD patterns and DSC traces for Ti 45 Zr 5 Cu 45Àx Ni 5 Al x bulk specimens. For the Al-substituted specimens, diffraction peaks assignable to -Ti and other unknown crystalline phases were apparent at Al of 5 at%, while no such diffraction peaks were observed for the specimen containing less than 4 at%Al. The glass transition was clearly observed for the specimen with less than 3 at%Al. 
Experimental Procedures
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neously at high density. It has been reported previously that Ti 45 Zr 5 Cu 45 Ni 5 forms bulk specimens of up to 3 mm in diameter consisting of a single glassy phase without crystals. 11) Larger nanocrystals of about 40 nm in diameter were often observed as indicated by the arrow in Fig. 4(a) . Ti 45 Zr 5 Cu 44 Ni 5 Ta 1 specimen also exhibited a homogeneous microstructure consisting of a glass matrix and numerous fine nanocrystals of less than 10 nm in size (Fig. 4(b) in less of an improvement in plasticity. Dense and homogeneous dispersion of fine nanocrystals within a metallic glass matrix was found to be the main factors contributing to an improvement in the plasticity of Ti-based metallic glasses.
